The objectives of these experiments were to determine 1 ) the effectiveness of supplemental vitamin D 3 ( VITD) on altering plasma and muscle calcium levels, 2 ) whether VITD supplementation improves Warner-Bratzler shear force ( WBS) values of steaks from feedlot beef steers, and 3 ) the tenderness response curve of longissimus steaks from steers supplemented with VITD. In Exp. 1, 20 crossbred steers were assigned randomly to one of four treatment diets consisting of either 0, 2.5, 5.0, or 7.5 × 10 6 IU of VITD per day for 10 d. Blood samples were obtained daily during this supplementation period and 5 d thereafter ( d 11 to 15). Between d 6 and 13, a linear increase ( P < .01) in ionized plasma calcium concentrations was observed in steers supplemented with VITD. Compared to unsupplemented steers, serum calcium concentrations of the steers receiving 7.5 × 10 6 IU of VITD per day were increased 8 to 48%. In Exp. 2, longissimus samples from crossbred steers ( n = 118) that were supplemented with either 0 or 5 × 10 6 IU of VITD per day for 7 d were obtained and aged for 7, 14, or 21 d. Following the initial 7-d postmortem aging period, VITD supplementation lowered ( P < .01) WBS (.58 kg) and increased sensory tenderness rating (.6 units) compared to cuts originating from unsupplemented steers. In Exp. 3, 44 steers were supplemented with either 0 or 7.5 × 10 6 IU of VITD per day for 10 d immediately prior to slaughter. Results indicated that plasma and longissimus calcium concentration were higher ( P < .05) for steers that received supplemental VITD. Compared with unsupplemented cuts, VITD supplementation improved WBS of cuts aged for either 7 or 14 d ( P = .02 and P = .07, respectively). Sensory panelists rated samples from VITD supplemented steers as more tender than their unsupplemented counterparts. Activation of calpain proteases could be responsible for the observed tenderization due to the supplementation of VITD.
Introduction
Recent surveys indicate that the tenderness of beef cuts at the retail and food service levels varies excessively (Morgan et al., 1991; Hamby, 1992) . In fact, the latest National Beef Quality Audit ranked inadequate tenderness as the second most important beef quality problem (Smith et al., 1995) ; the authors estimated that the annual economic loss associated with beef toughness equals $7.64 per animal, or $217 million for the U.S. beef industry. Wheeler and coworkers have incorporated modifications to the calcium-activated tenderization ( CAT) process to facilitate commercialization of this process (Wheeler et al., 1994 (Wheeler et al., , 1997a . Most recently, Shackelford et al. (1997) developed a classification system that allows beef carcasses to be assessed and categorized into tenderness groups. Even though both of these novel systems improve and(or) predict tenderness ratings of beef cuts/carcasses, testing of these technologies is still underway to determine whether they will be accepted by the processing segment of the beef industry.
Early studies using lactating dairy cows showed that orally administered vitamin D ( VITD) at 5 × 10 6 IU daily for 2 wk prepartum increased serum calcium (Hibbs et al., 1951; Hibbs and Pounden, 1955) . Additionally, injections of 1a-hydroxyvitamin D 3 , alone or in combination with 25-hydroxyvitamin D 3 , increased serum calcium concentrations of dairy cows (Bar et al., 1985 (Bar et al., , 1988 Sachs et al., 1987; Hodnett et al., 1992) . The underlying premise is that the CAT system elevates muscle calcium levels and both m-and m-calpain are activated during the postmortem aging process. The present experiments were conducted to evaluate the use of dietary vitamin D 3 supplementation as an alternative method of elevating muscle calcium concentration to activate the calpains, thereby improving beef longissimus tenderness.
Materials and Methods
The Animal Use and Care Committee approved the use and treatment of animals in these studies according to guidelines established by Oklahoma State University.
Experiment 1. Crossbred steers ( n = 20; 550 kg mean BW) were assigned randomly to one of four treatments. To ensure total consumption of the 80% concentrate diet, steers were individually limit-fed 1.5% of their body weight and supplemented with 0, 2.5, 5.0 or 7. Experiment 2. Two sets of crossbred steers (20 Angus × Hereford F 1 crossbreds and 98 Salers-or Charolais-sired steers from Brangus dams) had ad libitum access to the diet described for Exp. 1 for 140 d before slaughter. One-half of the steers were supplemented with 5 × 10 6 IU of vitamin D 3 per day for 7 d immediately before slaughter.
Steers were slaughtered using an approved humane technique, and livers from animals from VITDsupplemented animals were discarded. For blood samples that were obtained during exsanguination, a Roche Cobas Mira Blood Chemistry Analyzer (Roche Diagnostic Systems, Nutley, NJ) was used to determine the amounts of extractable calcium (Roche Reagent(s) #44033), magnesium (Roche Reagent(s) #44169), triglyceride (Roche Reagent(s) #44119), glucose (Roche Reagent(s) #47382), chlorine (Roche Reagent(s) #44029), and phosphorus (Roche Reagent(s) #44031). Using a Roche ion-selective electrode module, plasma sodium and potassium concentrations were determined using Roche standards #46997, #46998, and reference electrolyte #46999. Following a 36-h chilling period ( −1°C), carcasses were ribbed, and USDA quality and yield grade information was recorded. After collection of grade information, one strip loin (IMPS # 180) was removed from each carcass. Five steaks (2.54 cm thick) were fabricated from each strip loin subprimal. The first steak was aged for 7 d and used for trained sensory evaluation. The second, third, and fourth steaks were aged for 7, 14, and 21 d, respectively, and used for Warner-Bratzler shear force determination. The fifth steak was used to determine total muscle calcium concentration. The steaks used for Warner-Bratzler shear force ( WBS) and sensory panel determinations were individually packaged, frozen, and stored at −20°C. For each trait, only the longissimus was evaluated.
Steaks for WBS and sensory evaluation were thawed to 2°C then broiled in an impingement oven (model 1132, Lincoln Foodservice Products, Fort Wayne, IN) to an internal temperature of 70°C. Warner-Bratzler shear force determination was conducted as described by Wheeler et al. (1997b) . The cooked steaks were cooled to 20°C, and then six cores 1.27 cm in diameter were removed parallel to the muscle fiber orientation. Cores were sheared once each on an Instron Universal Testing Machine (model 4500, Instron, Canton, MA) with a standard WarnerBratzler attachment and 5 cm/min crosshead speed.
Cooked steaks for trained sensory evaluation were held at 70°C for up to 10 min before they were cut into 1-cm × 1-cm × 1-cm cubes and served warm to an eight-member sensory panel trained according to Cross et al. (1978) . Each panelist independently evaluated two cubes from each sample for juiciness, beef flavor intensity, tenderness, and connective tissue amount using 8-point scales ( 8 = extremely juicy, intense, tender, none; 1 = extremely dry, bland, tough, abundant) and for off-flavor on a 4-point scale ( 4 = none, 1 = intense). Scores for each sample were the mean of the scores for all eight panelists. Each session was initiated with a warm-up sample.
Total extractable calcium concentration of muscle samples was measured using procedures described by Nakamura (1973) . Upon completion of the digestion process, the amount of Ca 2+ was measured with an atomic absorption spectrophotometer (model D 951, Instrument Lab Inc., Lexington, MA).
Experiment 3. Salers-or Charolais-sired steers from
Brangus dams ( n = 44) had ad libitum access to the diet described in Exp. 1 for 120 d before slaughter and were supplemented with either 0 or 7.5 × 10 6 IU of VITD per day for 10 d immediately prior to humane slaughter. Livers from VITD-supplemented animals were disposed of during slaughter. Blood and strip loin samples were collected from each carcass and processed as described in Exp. 2.
At 24 h postmortem, samples were extracted for determination of activities of m-calpain, m-calpain, and calpastatin in unfrozen longissimus according to the procedures of Koohmaraie (1990) with slight modifications. To determine calpain protease activities, longissimus samples (20 g ) were homogenized in 2.5 volumes of extraction buffer (50 mM Tris, 10 mM EDTA, and 30 mM b-mercaptoethanol [BME], pH 8.3) and shipped on ice to the Food Processing Center at Oklahoma State University for measurements of calpains. Immediately following homogenization, samples were then centrifuged, filtered, and dialyzed overnight (40 mM Tris, 5 mM EDTA, and 10 mM BME, pH 7.5). After dialysis the samples were centrifuged, filtered, and loaded gravimetrically onto anion-exchange columns (DEAE-Sephacel; Sigma Chemical Co., St. Louis, MO). The columns were washed with elution buffer (50 mM Tris, 1 mM EDTA, and 10 mM BME, pH 7.5) and eluted using a linear NaCl gradient (25 to 350 mM) in elution buffer. Activities of the calpains were determined using a casein solution (100 mM Tris, 1 mM NaN 3 , 5 mM CaCl 2 , 5 mg/mL casein, and 1 mL/mL BME, pH 7.5). One unit of calpain activity was defined as the amount of enzyme necessary to cause an increase of 1.0 optical density unit at 278 nm in 1 h at 25°C. Quantification of calpastatin was accomplished using procedures developed and verified by Shackelford et al. (1994) . Briefly, a 5-g longissimus sample was extracted in 20 mL of extraction buffer (150 mM Tris, 10 mM EDTA, and 7 mM BME, pH 8.3) by homogenizing for 3 × 30 s with a Polytron (Brinkmann Instruments, Westbury, NY) with a 30-s rest between each burst. The homogenate was centrifuged for 1 h at 30,000 × g, and the supernatant was filtered through cheesecloth. The supernatant was transferred into 13-× 100-mm borosilicate test tubes, heated in a water bath (95°C) for 15 min to denature calpains, then centrifuged for 30 min at 6,000 × g. Calpastatin activity was defined as the amount of inhibitor necessary to inhibit 1 U of DEAE-purified m-calpain activity.
Statistical Analysis. All statistical analyses were conducted using the General Linear Models procedures of SAS (1986) . For blood plasma calcium concentrations for Exp. 1, single degree of freedom contrasts were used to determine the effects of supplementing VITD and whether the response was linearly related to dosage. Samples from Exp. 2 were considered to be blocked by set of steers (Set 1 and 2 ) and breed of sire (Salers or Charolais sire in Set 2). Levene's test was performed to test for heterogeneity of variances among the group × treatment combinations. Variance was not heterogeneous according to that test. Levene's test was performed to test for heterogeneity of variances among the 12 group × treatment combinations. Variance was not heterogeneous according to that test. Carcass and palatability data were analyzed using pen(replicate × treatment) as the error term. For Exp. 3, slaughter date was considered as two blocks. Carcass, palatability, and protease traits were analyzed using the mixed model procedure of SAS (1986).
Results
The principal objective of Exp. 1 was to determine whether VITD supplementation altered blood calcium concentrations compared to levels from unsupplemented steers. Mean concentrations of ionized blood calcium from VITD-supplemented steers are plotted as a percentage of control steers (Figure 1) . As a result of VITD supplementation, blood ionized calcium increased linearly ( P < .04) between d 6 and 13. This noticeable increase in blood ionized calcium level was also observed ( P < .01) on d 15 for steers that were supplemented with VITD. Steers supplemented with 7.5 × 10 6 IU of VITD daily had blood calcium levels that were 40 to 50% greater than those in unsupplemented controls. These results are similar to those from earlier studies on the effects of supplementing VITD on the incidence of parturient paresis in lactating dairy cows (Hibbs et al., 1951) . Simple statistics of carcass characteristics as affected by VITD supplementation in Exp. 2 and 3 are presented in Table 1 . Because VITD-supplemented steers in the two studies were only treated for a 7-or 10-d period before slaughter, respectively, carcasses from each experiment had similar ( P > .05) mean values for all traits. It should be mentioned that the carcasses sampled in Exp. 2 and 3 had carcass characteristics similar to those evaluated in the National Beef Quality Audit (Boleman et al., 1998) . As indicated in Exp. 1, blood plasma profile results of Exp. 2 indicated that VITD supplementation elevated ( P < .03) calcium concentration compared with unsupplemented controls (Table 2) . It should be highlighted that once again a similar increase (approximately 20%) in blood calcium concentration was observed when 5 × 10 6 IU of VITD was given to finishing steers 7 d before their scheduled slaughter date. In addition to an elevation in calcium concentrations, VITD supplementation decreased ( P < .001) magnesium levels compared with unsupplemented controls. No differences ( P > .05) were observed for blood plasma triglyceride, glucose, chloride, phosphorous, sodium, or potassium levels between VITD supplemented and control steers. Supplementation of VITD (5.0 × 10 6 IU per day for 7 d ) resulted in elevated ( P < .05) muscle calcium concentration compared with control muscle tissue (Table 3) . Longissimus cuts from VITD-supplemented animals displayed improved ( P < .01) shear force values at d 7 compared with cuts from control carcasses. However, no differences ( P > .05) in shear force rating were noticed when meat samples were aged for 14 or 21 d postmortem. To compare the two supplementation groups with respect to their conformance to desired specifications for beef tenderness, a threshold value of > 4.6 kg was chosen for shear force value (Shackelford et al., 1991b) , recognizing that absolute shear force values may differ between research locations. Data showing the percentage of steers in each group failing to meet this criterion after 7, 14, or 21 d of postmortem aging are presented in Table 3 . After 7 d of postmortem aging, approximately one-half (56.0%) of all control cuts failed to meet the shear force threshold, compared to approximately onethird (34.2%) of the strip loin cuts from VITDsupplemented steers. However, extending the postmortem aging time to either 14 or 21 d negated ( P > .05) any advantageous effect associated with VITD supplementation.
In the present study, VITD supplementation affected ( P < .02) trained sensory tenderness ratings (Table 3 ). Compared to the "slightly tender" panel tenderness ratings received by steaks from VITDsupplemented steers, strip loin steaks from control steers received "slightly tough" ratings. No differences ( P > .05) were detected in sensory scores related to juiciness, connective tissue amount, beef flavor intensity, or off-flavor between steaks from VITD-supplemented and those from control steers.
In Exp. 3, VITD supplementation (7.5 × 10 6 IU per day for 10 d ) to finishing steers resulted in elevated ( P < .02) muscle calcium concentration compared to unsupplemented tissue levels (Table 4) . Strip loin cuts from VITD-supplemented cattle displayed d-7 shear force values approximately 1 kg lower (17.9% reduction) than those of control cuts. As a result of a higher VITD dosage level ( 5 × 10 6 vs 7.5 × 10 6 IU per day) as well as an extended supplementation period ( 7 vs 10 d), beef tenderness benefits from Exp. 3 tended ( P < .07) to become apparent even following extended postmortem aging periods of 14 d. This was evident from a reduction in shear force (approximately .6 kg) of steaks from carcasses of VITDsupplemented steers that met the shear force conformance specification of 4.6 kg ( Table 4) .
Activities of muscle m-calpain, m-calpain, and calpastatin measured at 24 h postmortem from VITDsupplemented and control carcasses are reported in Table 4 . Longissimus samples from carcasses of VITD animals had lower ( P < .05) m-calpain activities than those from controls. It may be noteworthy that in our study supplementation differences in m-calpain approached significance ( P = .0729) and were directionally consistent with supplementation differences in shear force values. Treatments also differed ( P < .04) in that 24-h longissimus calpastatin activity was higher than VITD. Values for 24-h calpastatin activity reported in our study are high compared with previously reported values (Shackelford et al., 1991a; Morgan et al., 1993) . Shackelford et al. (1994) reported that the procedure used to quantify calpastatin activity in our study (heated calpastatin assay) produced higher activities than those determined by ion-exchange chromatography. Davey and Gilbert (1969) first provided evidence that associated the involvement of calcium ions with the process of postmortem aging of meat. In fact, Busch et al. (1972) later demonstrated that the presence of calcium-induced myofibril fragmentation, and this process in turn, was hindered by the addition of a calcium chelator. Many efforts have focused on the relationship between postmortem storage and the activities of the calpain proteases system (i.e., m-and m-calpain and their endogenous inhibitor, calpastatin) (for review, see Koohmaraie, 1992) . Because the activity of m-calpain remains nearly constant throughout postmortem storage and there is a progressive decrease in the activity of m-calpain, Koohmaraie et al. (1987) suggested that m-calpain, not m-calpain, was involved in postmortem aging. However, when sufficient calcium ions are present, both calpain proteases are activated and each undergoes autolysis. Therefore, the rapid loss of m-calpain during postmortem storage (Koohmaraie et al., 1987 ) is a good indicator that mcalpain, unlike m-calpain, is activated during normal postmortem conditions. Koohmaraie et al. (1989) provided support for their hypothesis when ovine carcasses infused with calcium chloride solution produced meat that was tender after only 1 d of postmortem aging. These results led to the development of the CAT system in which prerigor or postrigor meat is injected with a calcium chloride solution, which in turn activates both calpain proteases and enhances meat tenderness (Wheeler et al., 1991 (Wheeler et al., , 1994 (Wheeler et al., , 1997a .
Discussion
Many attempts have been made to elevate muscle calcium concentrations through dietary calcium supplementation and(or) infusion of a calcium chloride solution to live animals (personal observation). Because blood calcium homeostasis is regulated very closely ( 8 to 12 mg/dL in cattle), these attempts have resulted in limited success. However, mobilizing calcium as a result of VITD administration has long been performed as a means to prevent parturient paresis in lactating dairy cows. Orally administered VITD at 5 × 10 6 IU daily for 2 wk prepartum increased serum calcium 2.1 mg/dL compared with controls (Hibbs et al., 1951) . Hibbs and Pounden (1955) reported that oral supplementation of 5, 10, 20, and 30 × 10 6 IU of VITD for 3 to 8 d prepartum increased serum calcium concentrations by 1.9, 1.0, 1.9, and 2.3 mg/dL, respectively. Single injections of 1a-hydroxyvitamin D 3 (500 or 700 mg ) alone or in combination with 25-hydroxyvitamin D 3 ( 4 mg) increased serum calcium concentrations 1.8 to 2.4 mg/dL 3 to 8 d after injection (Bar et al., 1985 (Bar et al., , 1988 Sachs et al., 1987; Hodnett et al.,1992) .
Previous research has demonstrated that VITD increases plasma calcium concentration by stimulating intestinal calcium absorption (Nicolaysen, 1937) , by mobilizing calcium from previously formed bone mineral (Carlsson, 1952) , and through 1,25-dihydroxyvitamin D 3 , which increases renal reabsorption of calcium from the kidney (Sutton and Dirks, 1978) . In fact, there seems to be a relationship between low blood serum calcium levels and the activation of 1,25-dihydroxyvitamin D 3 , because feeding low calcium diets stimulated the formation of 1,25-dihydroxyvitamin D 3 , which, in turn, promoted the mobilization of calcium from bones (Kleeman et al., 1961; Sutton et al., 1977; DeLuca, 1979) . In addition to mobilizing calcium, VITD stimulates the influx of calcium in skeletal muscle cells through the activation of calcium channels. Vazquez et al. (1997) performed a series of experiments and concluded that calcium release-activated calcium channels participate in the rapid modulation of calcium entry in animal cells by 1,25-dihydroxyvitamin D 3 . It seems that VITD and its derivatives stimulate calcium mobilization as well as its entry into skeletal muscle cells.
In the current investigation, VITD supplementation increased longissimus calcium concentration by as much as 50% compared to muscle calcium levels from unsupplemented steers. When animals were supplemented with 7.5 × 10 6 IU of VITD for 10 d before slaughter, the amount of water-extractable calcium in longissimus was about 21 mg/g of tissue. This amount of free calcium corresponds to .53 mM calcium distributed in the muscle. This concentration should be sufficient to activate m-calpain and m-calpain (Goll et al., 1985) and subsequently improve meat tenderness. It seems that VITD-induced tenderization of meat is due to activation of calpain proteases, but we cannot rule out other possible mechanisms. Further experimentation will ascertain the accuracy of this hypothesis.
Implications
Elevation of muscle calcium concentration as a result of vitamin D 3 supplementation seems to be a practice that promotes longissimus tenderness. However, further studies will have to be conducted to investigate the effect of the procedure on other important economic characteristics (e.g., live animal performance and tissue residue considerations) before any recommendations about its commercial application can be made.
Literature Cited

